Material and methods

Markov Decision Theory
The general description of Markov decision theory and the basic formulation of the hierarchic Markov process as presented in this and the next section were mainly based on Kristensen (1988). Kristensen (1988) developed an alternative structure of a Markov process, called the hierarchic Markov process (HMP) that includes both value iteration and policy iteration in one model. In our study, the HMP approach was used.
Consider a time dependent
HMP
One of the reasons that replacement models, formulated as a general Markov decision process are usually very large is that the age of the animal in question is included as a separate state variable (Kristensen, 1988) . As a result, most elements of the transition matrix equal zero, because these transitions are not feasible (e.g., The main advantage of the HMP is directly related to its structure. A subprocess has a well-defined finite planning horizon (lifespan of cow). This and its large state space make value iteration the ideal optimization method to use. The main process has a small state space and an infinite planning horizon; therefore, policy iteration can be applied without computation problems. It can be proven mathematically that the complete HMP should be regarded as a general Markov decision process optimized with policy iteration (Kristensen, 1988) . Applying the value iteration method in the subprocesses with a finite planning horizon and policy iteration in the main process with an infinite planning horizon results in a sound optimization technique which is fast, exact, and able to handle very large models (Kristensen, 1988 ; Kristensen, 1991).
In our study, a special case of the HMP was used with only one state in the main process (i.e., one type of subprocess). The objective function in the current cow replacement model was to maximize average net revenues per time unit. Discounting of net revenues was not applied because previous work (Kristensen, 1991) had shown that discounting had no effect on the optimal strategy.
Optimization of the HMP
The iterative optimization procedure of the HMP starts with the choice of an arbitrary policy. In the second step this policy is used to calculate the total expected reward and total expected output from the remaining part of the process for each state at each stage in a subprocess. Weighing of the total expected reward and output at stage 1 with the start distributon of a subprocess produces the total expected reward and total expected output for each state in the main process. With this information, the relative value of each state in the main process and the gain can be calculated by using matrix algebra. In the last step of the procedure the gain is used to determine the new improved policy. Steps 2 and 3 are repeated until the policy is stable, i.e. does not change with further iterations. These steps are described in formula form within the following paragraphs, and are based on Kristensen
In the notation, a and B are used to denote states of the main processs and i and j to denote states of subprocesses. A policy for a subprocess is denoted s and the map of policies of subprocesses is denoted o (i.e. s = o(a)). The three steps of the iteration cycle are
Step 1), Choose an arbitrary policy a. Go to step 2.
Step 2), Solve the following set of u +1 linear simultaneous equations for g(o) and (1991). 
Gross Margin Model
The model that calculates gross margins from milk production, calf sales, feed costs and sundry costs was described by Van Arendonk (Van Arendonk, 1985).
Regular fixed cost of labor supplied by the farmer was not included. In our study, housing costs were not included either and were considered to be fixed costs. Groen Table 1 , the basic prices and other parameters used in the gross margins model are shown. For background information and more details of the data in Table 2 , the reader is
referred to Houben et al. (1993).
In the gross margin model, a multiplicative effect of mastitis was used, and, therefore, the normalized monthly milk production losses were multiplied by a correction factor (corr) to accomplish this multiplicative effect. Table 2 shows the maximum production losses for each CQ and PQ for lactations 1 and 2 2. Milk production losses caused by three or more clinical cases in current lactation were 132 kg in the first lactation and 544 kg in the second and later lactation (Table 2) . One or two clinical cases in the previous lactation had only a minor effect on the production in current lactation (PQ in Table 2 ). Table 3) . At between 79 and 85% of production losses occurred in the month of infection (percentages of DQ in Table 3 ). In the first lactation, a maximum reduction in lactation milk production was observed when a cow contracted mastitis in the 2nd mo (7.3%). When mastitis occurred in mo 2 7, > 95% of the production losses were observed in the month of infection (Table 3) .
Other effects of clinical mastitis included in the gross margin model are treatment costs, costs of discarded milk, and positive effect on feed consumption. 
Costs of Discarded Milk
Production losses from clinical mastitis do not only occur from reduced milk production but also because milk with antibiotics cannot be delivered to the milk factory. The number of days of no delivery depends on treatment: milk stripping (0 d), intramammary (6 d), parenteral (4 d), and both intramammary and parenteral (6 d). However, the cost of discarded milk is less than the normal value of milk because this milk can partly be used for calves, replacing milk powder. To ensure quality, milk could not be used to replace milk powder in the first 1.5 d, and so had no value during that period. The actual production of a cow was used (i.e., lower production because of mastitis) to determine the value and the alternative value of the discarded milk. Per kilogram, the alternative value of discarded milk was set at $.17.
Effect on Feed Consumption
Mastitis reduces milk production, and, hence, less feed consumption is neccessary.
The reduced energy need because of less milk, fat, and protein production was considered in the gross margin model. Milk was assumed to be produced with the same efficiency as by healthy cows.
Immediate Expected Reward
With 
Basic Results
The optimal replacement and insemination policy in the basic farm resulted in a replacement rate of 29.2% annually, of which 18.3% voluntary (Table 5) Voluntary replacement with mastitis, % /yr 3.7 -3.7 -25 9.0 -1.5 2.9 0.1 'rp = Relative probability of mastitis, rl = relative production losses caused by clinical mastitis, and notr = no within lactation transitions of production level are assumed.
•
WCM = fat-and protein-corrected milk. FPCM = .349milk (kilogram) + 10.7fat (kilogram) + 6.7protein (kilogram).
^Values represent increase or decrease in basic model parameters. Table 5 also shows results when no mastitis occurred (relative probability (rp) = 0). In that case it could be concluded that the gross margin increased by $83 / yr per cow, the total loss from of mastitis.
Changes in Incidence of Clinical Mastitis
Changes of the probability that clinical mastitis will occur had a major effect on the farm results. A 50% reduction of this probability (rp = .5) increased the gross margin by $48 / yr per cow and, when the probability of contracting mastitis had doubled (rp = 2), the gross margin decreased by $123 / yr per cow (Table 5 ). An increase of risk of mastitis infection leads to much more voluntary culling (+8.5%) according to the optimal policy. In turn the high replacement rate had a strong negative effect on the gross margin. Although many of the mastitic cows were culled when probability of mastitis was high (47% of all voluntarily replaced cows had clinical mastitis), the mastitis incidence had still doubled. Therefore, the effect of culling was rninimal with regard to the mastitis incidence, probably because replacement heifers also run a high risk of mastitis infection. Table 5 shows that the relationship is linear between relative risk of mastitis (alternative rp) and mastitis incidence and to a lesser extent also between relative risk and gross margin. Because of the high rate of involuntary culling, according to the optimal policy for high relative risk of mastitis, the gross margin was expected to have been relatively more reduced. The relative risk of mastitis had a small effect on the insemination decisions, which can be inferred from the few changes in average calving interval and percentage of cows with a calving interval of > 13 mo.
Changes in Production Losses Caused by Clinical Mastitis
The effect of changing production losses caused by clinical mastitis is presented in Table 5 . In contrast to the relative probability of clinical mastitis, the relative losses caused by clinical mastitis had no linear effect on the gross margin. Apparently culling was an effective way to reduce the losses relatively, since the decrease in gross margin when production losses were increased by 100% (Table 5; 
Changes Within-Lactation Transitions of Production Class
To find out the effect of including within-lactation transitions of production class on farm results, an alternative situation in which those transitions were not included was defined (Table 5 ; without transitions (notr)). The repeatability of total lactation production for one and two lactation intervals was kept at the same level (.55 and .42, respectively).
The most remarkable finding for the alternative, without transitions within lactation, was the increase in voluntary replacement rate by 2.4%. Because the percentage of the voluntarily replaced cows with clinical mastitis was almost the same as in the basic situation, it can be concluded that the increase of voluntary replacements was only for reasons related to production. Low producing cows were culled more frequently when no within-lactation production transitions were allowed and when more cows had a calving interval of > 13 mo. The latter effect may be caused because high producing cows remain longer in the herd. Despite the increase in voluntary replacement by 2.4%, the gross margin was increased by $10 and milk production was corrected for fat and protein by 58 kg.
Calving Interval
In Figures 2 and 3, Square pillars in those figures mean that the optimal dedsion changed from keeping to culling in case of dinical mastitis, thus, it could be conduded that dinical mastitis did not have an effed on the replacement dedsions for average produdng pregnant cows with an expeded calving interval <, 13 and 14 months for ladations 1 and 2, respectively. Only 11.8% of the cows had calving intervals of > 13 months (Table 5) In general, the optimal economic situation was to inseminate a cow as soon as possible. Regardless of production, healthy cows were inseminated until mo 4 in second lactation, msemination of high producing healthy cows at least until mo 9 in lactations 1 and 2 was most economical. Subsequently, cows should be replaced immediately after mo 9 or 10. 
Discussion
The strength of the model described in this paper is the integral evaluation of age, production, fertility, and mastitis aspects to support replacement and insemination decisions. Therefore, the model was able to support 63% of all replacement decisions.
The HMP approach proved to be very useful for large replacement optimization problems. In the present study, a DP model was developed, according to the HMP approach, with 6,821,724 unique states that a cow may enter during her life. The sensitivity analysis showed that there was a linear relationship existed between relative risk (in the range of 0 to 2) and mastitis incidence when the optimal policy was followed. Furthermore, there was also an approximate linear relation between mastitis incidence and gross margin. Additional calculations showed that from those two relations it could be concluded that the break-even point for farmlevel treatments is $11 / yr per cow for each unit reduction of clinical quarter case (in the range of 0 to 20 quarter cases per 10,000 cow days). For instance, a farm-level treatment (e.g., teat dipping), which reduces the number of clinical quarter cases per 10,000 cow days from 10 to 7.5, may cost $27 / yr at maximum per cow.
